For a steam generator with straight double-walled heat transfer tubes that will be used in a sodium cooled faster breeder reactor, clarification of flow instability in heat transfer tubes is one of the most important research themes. As the first step of the research, thermal hydraulics experiments with water were performed under high pressure condition in JAEA with using a circular tube. Pressure drop, heat transfer coefficients and void fraction data were derived. This paper summarizes the pressure drop characteristics under 15MPa. Several two-phase flow multipliers were checked and then, it was found that both Chisholm two-phase flow multiplier and homogeneous model can predict the present experimental data in high accuracy. A sudden decrease of the pressure drop was observed when flow pattern shifts from bubbly and churn flows to annular flow. The reason for this decrease is tried to be interpreted.
Introduction
R&D activities have been starting at Japan Atomic Energy Agency (JAEA) for the commercialization of the next generation Faster Breeder Reactor (FBR) cycle. From the viewpoints of lowering breakage rate and easy maintenance, the FBR system adopts a Steam Generator (SG) with straight double-walled heat transfer tube. To reduce the cost, the SG is designed being big size 1) . Figure 1 gives its general image. It is 38 m in height and 3.2 m in diameter. With using 7100 straight double-walled heat transfer tubes and is expected to have a total heat exchange of 1765 MW. In the SG, high temperature sodium flows the outside of the heat transfer tube from the upper to the lower part of the vessel. On the other hand, water flows the inside of the heat transfer tube from the bottom to the top. Water at the inlet is subcooling water. With the heat transferred from Na side, the water turns to water-vapor two-phase flow and becomes superheated vapor at the outlet. The effective heating length is 29 m. In this SG, because a design strategy that no orifice is admitted at the inlet of each heat transfer tube is adopted, flow instability inside the heat transfer tube is of the most concern. Occurrence of flow instability in the parallel heat transfer tubes was expected to be suppressed by raising operation pressure. At present, the operation pressure is designed being 19.2 MPa. However, from the viewpoint of reduction of the operating cost, excessive pressure margin should be avoided. Therefore, it is important to clarify the flow instability with high accuracy. In order to achieve that, the verification and improvement of the existing thermal-hydraulic correlations for the SG thermal design, especially the pressure drop correlation, is very important.
As the thermal-hydraulic data for the SG thermal design under the high pressure condition over 15MPa is not enough, JAEA started the thermal-hydraulic tests under the high pressure condition using a circular tube which simulates the SG heat transfer tube. In year 2008, we measured pressure drop in the simulated heat transfer tube under the condition of 18 MPa 2) and it was reported that Chisholm two-phase multiplier will show the best prediction for the pressure drop at 18MPa. When we consider the start up and shut down processes in the operation of the SG, it is also necessary to predict the pressure drop under the pressure lower than the operation condition. In this paper, we focus on the research to the pressure drop under 15MPa. The objective of this study is to confirm whether the Chisholm two-phase multiplier, which gives the best prediction at the pressure condition of 18MPa, is still applicable under the condition of 15 MPa. Fig. 1 Image of the SG with straight double-walled heat transfer tube for FBR
Experiment
Images of test loop and test section are shown in Fig.2 . In the loop, purified water (deionized and degassed water) was used as the working fluid. The water flows firstly through a preheater to the test section. In the test section, the water is heated up and becomes the water-vapor two-phase flow. After the water and vapor are separated by a separator, the water returns back to the loop through a cooler.
The test section is a circular tube with an inner diameter of 11.6 mm. The size simulates an inner diameter (12 mm) of the prototype SG heat transfer tube. Whole height of the test section is about 13.4 m, which simulates the middle 13 m's high two-phase flow region of the prototype SG heat transfer tube. The test section is axially divided into three levels. The three levels were heated separately with three radiation heaters, to assure the safety of the test section even in post Boiling Transition (BT) region. The heating lengths in the three levels are 3.3m, 3.6m and 3.3m, respectively.
Main measurement parameters are the flow rate w, exit pressure P ex , inlet temperature T in , power Q and pressure drop ∆P. In this research, the flow rate is measured with a venturi tube. The mass flow and power under steady state condition were calibrated before each experiment. The power was corrected using the results of the single phase flow experiment. The pressure drops were measured using differential pressure gauges. The measuring locations are shown in Fig.2 . Three differential pressure gauges (∆P 1 -∆P 3 ) measured partial pressure drops along three levels. Moreover, the pressure gauge (∆P T ) measured the total pressure drop in the whole test section. The error of each pressure gauge is within +0.3%. The difference between the sum of the partial pressure drops and the total pressure drop in a two-phase flow condition is shown in Fig. 3 and it was expressed as:
Here, the average of ε is 1.001 and the standard deviation is 0.13%. The result indicates that the measurement system has high accuracy.
Before the experiments, dissolved gas was purged from the loop by degassing operation. Then, exit pressure, flow rate, inlet water temperature, and powers of three levels were controlled to be the values of the experimental conditions. After a stable condition was maintained for awhile, the pressure drop measurement was started. The experiment conditions are summarized in Table 1 . In 2009, the tests were conducted at 15 MPa with the mass flow from 40 to 200 g/s, which covered the nominate flow rate (110 g/s) of the designed SG. The pressure drop data under both conditions of single and two-phase flow were derived. For the two-phase flow condition, data were taken under two kinds of heating condition. One is the condition that the all three levels give power outputs and the water is heated continuously in the whole test section. The other is the condition that the lower and middle levels give power outputs but the upper level is set to adiabatic. The pressure drop through the upper level is taken at a steady quality. The data are convenient in evaluating two-phase multiplier correlations. 
Analytical Method
Pressure drop, as shown in Eq. (2), is calculated as a sum of friction loss ∆P F , static head ∆P H and acceleration loss ∆P A . The friction loss ∆P F in two-phase flow condition is evaluated by a product of friction loss in single-phase flow ∆P FSP , and two-phase multiplier 2 F Φ . In this paper, ∆P FSP was calculated by Pfann's correlation 3) .
The static head ∆P H and the acceleration loss ∆P A are calculated in Eqs. (4) and (5), respectively. They are basically the function of void fraction. The void fraction was calculated from drift flux model implemented in TRAC -BF1 code 4) . The model has been confirmed being of sufficient accuracy for prediction of void fraction under high pressure condition. The drift flux model is show in Eqs. (6) -(6p). 
In TRAC -BF1, C o is calculated as:
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Results and Discussion

Pressure Drop in Single Phase Flow
Pressure drop data in single phase flow was compared with that calculated values by Pfann's correlation 3) , which is listed in Eqs. (7a -7c) . In the equations, e is relative roughness of surface and is defined in Eq.(7e). δ in eq. (7e) is ten point roughness of the surface. D is the inner diameter of tube. Their definitions are schematically shown in Fig.4 . As the maximum Reynolds number at the present experimental condition is about 400,000, the effect of surface roughness on the wall inside the circular tube is considered. The definition to the Reynolds number is shown in eq.(7f). The measured ten point average roughness δ is 10 µm. The verification results are shown in Fig.5 . The Pfann's correlation can predict the present single phase flow data within an error of +2%. 
Verification to Two-Phase Multiplier correlations
Data used for the evaluation of two-phase multiplier correlations were that taken under the heating condition that the lower and middle levels give power outputs but the upper level is kept adiabatic. The pressure drop through the upper level is taken under a steady quality. Therefore, the acceleration loss ∆P A is 0 through the upper level.
Four correlations and one model are selected for evaluation; Martenlli-Nelson 5) ,
Hancox-Nicoll 6) , Friedel 7) and Chisholm 8) correlations and homogeneous model.
Martenlli-Nelson and Hancox-Nicoll correlations were selected because they were reported being good accuracy under BWR condition. Friedel correlation was selected because it was reported being one of the most accuracy correlations 9) . Chisholm correlation was selected because it was based on high pressure data up to 14 MPa. Besides the above correlations, homogeneous model was also selected for evaluation. The homogeneous model calculates the friction pressure drop with the correlation for the single phase flow (Pfann's correlation) with only considering the two-phase flow effect on thermo-physical properties.
In the evaluation of each correlation and model, the void fraction was calculated using the drift flux model programmed in the TRAC-BF1. Moreover, the Martenlli-Nelson two-phase multiplier was calculated by interpolation of table values listed in 9) .
The evaluation results are shown in Figs.6-10. Here, we pay more attention to the prediction ability for the nominal flow rate condition (w = 110 g/s ) and lower flow rate condition (w<110 g/s ), which may be encountered in a start up process of the SG.
The Martenlli-Nelson and Friedel correlations over predicted in comparison with the experimental data, especially under high quality and high mass flow rate condition. As for the Hancox-Nicoll correlation, the prediction accuracy was improved comparing with the Martenlli-Nelson and Friedel correlations. However, a small over prediction is still observed at high quality and low mass flow rate condition. On the other hand, the homogeneous model and Chisholm correlation show a good prediction to the experimental data. When we consider the prediction accuracy as the ratio of the predicted value to the experimental value, each ratio of four correlations and one model is shown in Table 2 . From Table 2 , it is found quantitatively that the homogeneous model and Chisholm correlation give the best predictions under the present high pressure condition.
As for the experimental data at w = 110 and 150 g/s in Figs.6-10, a tendency of the pressure drop decrease at the quality of around 0.25 can be observed. This decreasing point was compared with a generation position of the slug-annular transition. The values of the quality and the void fraction at the slug-annular transition are shown in Table. 3, which are calculated from the Eq. (8) 10) . The decreasing point of the pressure drop coincides well with the generating position of the slug-annular transition. Therefore, it would be judged that the reason of the pressure drop decrease depends on the two-phase flow pattern transfer from bubbly to annular flow. In the adiabatic condition, the entrainment and deposition rates in the two-phase annular flow should be an equilibrium condition. Therefore, the interface between liquid film and vapor core is quite smooth. This smooth interface causes a decrease in the friction loss and then the pressure drop decrease is led. * * 6 . 
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Vol. 5, No. 3, 2011 The pressure drop decrease was observed obviously at w=110 and 150 g/s. However, that is not obvious under w=70 and 40 g/s. As for this, the following reason can be considered; since the friction loss in total pressure drop under the low flow rate condition is small, a decrease in the friction loss is also small, and therefore, the decrease in the pressure loss is small and becomes unremarkable.
The pressure drop in annular flow is a sum of the friction loss, static head and acceleration loss, as shown in Eq. (9) . Here, because the present experimental data were taken under the adiabatic condition, the term of the acceleration loss 
z) dz
Here, f j is the volumetric flux of the liquid film and f f is the friction factor of that.
By Dividing each term in Eq. (10) On the other hand, the increase of quality leads to the increase of the void fraction. Each calculation result at a constant * f j slightly decreases with increasing the void fraction and reaches a minimum value, and then increases significantly. This characteristic is quite similar to the tendency of the pressure drop data at w=110 and 150 g/s in Figs.6-10. In annular flow region, an effect of the increase of the quality that tends to decrease the pressure drop is significant, and then the pressure drop decrease. After that, an effect of the void fraction that tends to increase the pressure drop becomes more and more significant with increasing the void fraction. This causes the minimum value of the pressure drop. 2) The homogeneous model is used only for the friction loss calculation.
3) The void fraction which is necessary for the static head calculation is obtained by the drift flux model 4) Under adiabatic condition, the pressure drop decrease was confirmed when two-phase flow pattern shifts from bubbly and churn flows to annular flow. relative roughness of surface, [-] 
